Using our 1997 work in spectroscopic temperatures, as well as published Cepheid photometry, we derive color-temperature relations for a set of 13 Cepheids in Galactic clusters. The colors and temperatures used are individual values taken at di †erent phases, rather than mean values averaged over the pulsational cycle. The observed colors are corrected for both reddening and metallicity. The e †ect of gravity on the colors is small. We Ðnd that B[V and V [R are the best colors to use to determine a Cepheid photometric temperature scale. These color-temperature relations will be useful for future Cepheid Baade-Wesselink studies and for abundance analyses of more Galactic and extragalactic Cepheids.
INTRODUCTION
In a recent paper (Fry & Carney 1997) , we presented abundance analyses of 101 spectra for 23 Galactic Cepheids to remove metallicity e †ects from main-sequence Ðtting used to calibrate the zero point of the period-luminosity (P-L) relation. Using our spectroscopically derived temperatures and published photometry, we are able to form color-temperature relations, which have a wide variety of uses, for the Cepheids in open clusters.
For example, Baade-Wesselink analyses o †er us an opportunity to derive absolute and relative distances to Cepheids, but the method requires good color-temperature relations. One of our own goals, and the subject of future papers, is to test the metallicity sensitivity of the P-L relation by deriving distances to Cepheids in the Galaxy, the Large Magellanic Cloud ([Fe/H] B [0.4), and the Small Magellanic Cloud ([Fe/H] B [0.6). Furthermore, since one of the key debates is the distance scales derived via Cepheids versus those from RR Lyrae stars, we need to know how well the Baade-Wesselink method works when applied to each type of variable. Two RR Lyrae variables in the globular cluster M5 have been analyzed using the Baade-Wesselink method (Storm, Carney, & Latham 1994) , and the cluster also contains some long-period Cepheids. Since these Cepheids have similar temperatures and gravities (but not luminosities) to Population I Cepheids, this will provide a good test of the applicability of the BaadeWesselink method to both types of stars.
Another opportunity will be provided by using highresolution but low signal-to-noise (S/N) spectra to estimate mean metallicities of Cepheids throughout the Galaxy and, indeed, the Local Group, following the methods described by Carney et al. (1987) and Laird, Carney, & Latham (1988 be obtained from photometry, and some means of estimating the reddening (as discussed below). Indeed, a good color-temperature relation will prove valuable for any spectroscopic analyses for which the S/N is too low or the wavelength coverage is inadequate for a reliable spectroscopic estimate of the temperature to be derived.
Many other authors have derived Cepheid colortemperature relations. Oke (1961a Oke ( , 1961b and Teays (1986) used spectrophotometry to determine the temperatures of the Cepheids in their studies. Flower (1977) and Bo hm-(1981) used a variety of direct and indirect temVitense perature determinations to derive a supergiant colortemperature scale. Our study is the Ðrst to use Cepheid excitation temperatures for a large, homogenous sample of Cepheids to derive a Cepheid color-temperature relation. The Cepheid excitation temperatures were determined using high-resolution, high-S/N spectra, requiring that the calculated abundance not be a function of excitation potential. To test our spectroscopic temperature scale, we observed most of the Cepheids at more than one pulsational phase and veriÐed that the derived abundance did not change sÐgniÐcantly over the pulsational cycle (Fry & Carney 1997 ).
TEMPERATURE INDICATORS
Which color index is a good temperature indicator for Cepheids ? In principle, a color index among those with the highest sensitivity to temperature (e.g., V [K) is preferred. However, Baade-Wesselink analyses impose the additional constraint that the distance between the line-forming layers, which yield pulsational velocities, and the continuumforming layers, which yield colors and temperatures, apparent luminosities, and apparent angular diameters, must be small and constant throughout the pulsational cycle to prevent systematic errors. Similarly, the distances between the continuum-forming layers at the wavelengths of the Ðlter bandpasses should be zero, preferably, or at least small and constant.
Using ATLAS9 (Kurucz 1993) to calculate surface Ñuxes, we estimate the depths of formation of a starÏs continuum and of the lines for each of the bandpasses B, V , R, I, and K. The depth of formation of the continuum is taken to be q \ 1.0. In Figure 1 , we estimate the depth of formation in terms of a mass variable
(1) Figure 1 shows the depths of formation as a function of the bandpass central wavelength j for several di †erent models appropriate for Cepheids. Comparing the log g \ 1.5, K, and K points, we see which T eff \ 5000 T eff \ 6000 colors should make good temperature indicators. A good temperature indicator is one for which
B[V and V [R appear to satisfy this criterion. As a consequence of either di †ering depths of formation or the Ñux excess in the blue spectral regions during the expansion phases, V [K has been the preferred temperature indicator for RR Lyrae variables (see Jones 1988 for a detailed discussion). For the Cepheids, however, V [K does not seem to satisfy equation (2). At q \ 1.0 and
However, at K,
3. FORMING COLOR-TEMPERATURE RELATIONS
We wish to derive a relation between e †ective temperature and the B[V and V [R color indexes. Because both have some sensitivity to metallicity, we derive the relations for a Ðxed metallicity, in this case solar. We must correct the color indexes for reddening and then make the corrections to reÑect a solar metallicity. For cluster Cepheids, the reddenings are straightforward, determined from UBV photometry of early-type cluster members. In Table 1 , we list the Cepheids, as well as their metallicities and reddenings.
For the Ðeld stars, the reddening corrections rely on a relation between dereddened colors and period, but this relation must be shifted to the metallicity of each Ðeld star so that metallicity di †erences among the Cepheids do not introduce systematic errors. We have chosen not to include the Ðeld Cepheids in our color-temperature calibration.
Reddening
To form color-temperature relations, we Ðrst need an accurate estimate of the reddening for each Cepheid. We adopt the reddenings derived from UBV photometry of the upper main-sequence stars, corrected for the CepheidsÏ colors :
where E(OB) is the reddening determined from the upper main-sequence stars and is the intensity-SB 0 T [ SV 0 T weighted mean color of the Cepheid (Feast & Walker 1987) . Reddenings derived using the upper main-sequence stars are insensitive to metallicity. The metallicities and reddenings of the Cepheids are listed in Table 1 .
Correcting the Colors to Solar Metallicity
We must make small corrections for all the variablesÏ color indexes to reÑect a common metallicity. To remove the metallicity dependence from our Cepheid colortemperature relations, we used KuruczÏs grid of synthetic colors (Kurucz 1993) to calculate, for a given temperature and gravity, the di †erence in color between a star with a given metallicity and a star with solar metallicity. The color corrections are listed as a function of temperature and gravity in Table 2 . We formed the color corrections by interpolating in log g, and [Fe/H] and then applying T eff , the corrections to published Cepheid photometry (Mo †ett & Barnes 1980 , 1984 Welch et al. 1984 ; Laney & Stobie 1992) at the phases of observation. The spectroscopic temperatures, metallicity-corrected colors, and metallicity corrections are listed in Table 3 .
Least-squares Ðts were made between the dereddened, metallicity-corrected colors listed in Table 3 and the corresponding e †ective temperatures given in Table 4 of Fry & Carney (1997) . We show the Ðts in Figures 2 and 3 , where
For our data, there are errors both in our spectroscopic temperature and in the photometry (observational and reddening errors). To include errors in temperature and photometry, we did y \ y(x) Ðts and x \ x(y) Ðts. We inverted the x \ x(y) Ðts to form y \ y(x) and then formed a bisector Ðt from the two y(x) Ðts (see Isobe et al. 1990 ). All three Ðts are shown in the Ðgures. We Ðnd the following bisector Ðts :
To see how well our color-temperature relations work, we can use equation (7) and Cepheid photometry to work backward. We calculate for each spec-*T \ T spect [T B~V trum : S*T T \ 0^157 K. (Since the formal temperature error in the Ðt is^125 K and in the spectroscopic temperature estimates is^100 K [cf. Fry & Carney 1997 
Dependence on Gravity
Synthetic colors (Kurucz 1993 ) also suggest that the slope of the color-temperature relation depends on gravity. In Figure 5 , we plot the relation of synthetic B[V colors and for gravities appropriate for Cepheids. The slope # eff becomes Ñatter for lower gravities (longer period Cepheids). In our data, however, the change is harder to see. We can use FernieÏs period-gravity relation (Fernie 1995) to estimate gravities for each of the Cepheids. Replotting Figure 2 to use di †erent symbols to show Cepheids of di †erent gravities (Fig. 6) , we can investigate gravity sensitivity in the temperature scale. There is some weak evidence for a   FIG. 4 .ÈDi †erences between spectroscopic and photometric temperatures as a function of spectroscopic temperature. gravity dependence in the slope of the color-temperature relation, but the gravity dependence is hard to model reliably. To look for the gravity dependence, we compare the color-temperature relations from the entire set of Cepheids (eqs.
[7]È[8] above) with the color-temperature relations derived from only those Cepheids for which 1.0 \ log g \ 2.0. According to FernieÏs period-gravity relation (Fernie 1995) , these correspond to Cepheids for which TABLE 3 METALLICITY-CORRECTED, DEREDDENED COLORS 3.5 days \ P \ 26 days. We Ðnd
Color-temperature relations for 1.0 \ log g \ 2.0 have the same slope as color-temperature relations for the entire set of Cepheids, demonstrating that the gravity dependence is small. giants. We show the results of previous studies and our results in Figure 7 . Other summaries are in Pel (1985) and Teays (1986) . To compare with previous work, we also express equation (7) in terms of ( Fig. 8) :
OTHER CEPHEID TEMPERATURE STUDIES
For the following discussion, we restrict comparisons to the temperature scales that included cluster Cepheids in their calibrations. Schmidt (1972) also used spectrum scanning to obtain energy distributions for 20 Cepheids, including one cluster Cepheid (SZ Tau) (13) are probably underestimates. It is also worth noting that FlowerÏs and temperature scales are Bo hm-VitenseÏs not independent, because they both rely on the earlier work of van Paradijs (1973) to determine the low end of their temperature scales. Van Paradijs (1973) derived abundances and atmospheric parameters of seven nonvariable G and K supergiants using an extrapolation of the model atmospheres of Carbon & Gingerich (1969) . It is not surprising that the newer Kurucz models we employed are di †erent from older model atmospheres for cool stars, for which line blanketing is important (see below). Teays (1986) Figure 9 . At the high-temperature end, the agreement between the two temperature scales is quite good. At the low-temperature end, the two scales do not agree. Disagreement at the low-temperature end, especially in the temperature range where Teays extrapolated the older Kurucz models, is not surprising. The older Kurucz models were atomic-line blanketed (D106 lines) but did not contain contributions from molecular lines, which are important for cooler stars. The new models include both atomic and molecular line blanketing (D50 ] 106 lines).
SUMMARY
We derived Cepheid color-temperature relations using our spectroscopic temperatures (Fry & Carney 1997 ) and published photometry. We have corrected the observed colors both for reddening and to solar metallicity. The e †ect of gravity on the colors is small. We Ðnd that B[V and V [R are the best colors to use to determine a Cepheid photometric temperature scale. The color-temperature relations we found are given by equations (7), (8), and (11). The color-temperature relations will be useful for future Cepheid Baade-Wesselink studies and for abundance analyses of more Galactic and extragalactic Cepheids.
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